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Abstract 
It is generally recognized that algae could be an interesting option for reducing CO2 emissions. Based on light and 
CO2, algae can be used for the production various economically interesting products. Current algae cultivation 
techniques, however, still present a number of limitations. Efficient feeding of CO2, especially on a large scale, is one 
of them. At TNO, two novel methods have been developed for the integration of flue-gas from power plants with 
algae production for the capture and utilization of CO2. The first method can be described as being amine based 
whilst the second is carbonate based. Both methods have in common that algae is used as photochemical desorber of 
CO2 from absorption liquid. The advantages of these methods is that they are easy to scale-up, would lead to higher 
CO2 removal efficiencies compared to current CO2 feeding systems for algae, and lower operational cost compared to 
both conventional CO2 removal using amines and conventional autotrophic algae cultivation. The impact of the new 
strategies for integrating power plants with algae are described in order to provide more information on their novel 
aspects and their potential for CO2  mitigation. 
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1. Introduction 
Over the past decades carbon dioxide emissions have been constantly increasing, and they are likely to 
continue to do so in the future. This is mainly due to an increasing global energy demand, generally 
sustained through the use of fossil fuels [1]. The resulting CO2 emissions are expected to have profound 
effects on the global climate, which is why it is of importance to implement negating measures  as well as 
to search for more sustainable energy solutions to minimize the use of fossil fuels. Biological systems, 
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such as algae, could very well be the solution for both, through utilization of CO2 and the production of 
biofuels and other products [2]. 
Current conventional methods for Carbon Capture and Storage (CCS) are relatively costly, or require 
high amounts of energy [3].  Carbon Capture and Utilization (CCU)  the capture and conversion of CO2 
into useful products and the shift of seeing CO2 as a waste product to it being a feedstock can be an 
interesting option from a commercial and also a public acceptance point of view.  
Application of biological systems, such as algae, have long been identified as a promising method for 
CCU because it leads to the production of biomass energy (renewables) in the process of CO2 fixation 
through photosynthesis [2, 4, 5]. Conventional methods for the production of algae for biofuels however 
have their limitations such as high costs and energy requirements making their effective use doubtful and 
currently not economically viable for greenhouse gas abatement and biofuels production [6, 7].  
Current methods for CO2 feeding to algae cultures rely on the sparging of CO2 directly from flue gas  
or pure CO2. The limiting factor in this system is the solubility of CO2 in water which a) requires a 
considerable amount of energy for effective contacting of the CO2 with the liquid phase [7] and b) limits 
the amount of CO2 that can be absorbed in the liquid leading to losses to the atmosphere (low carbon 
utilization efficiency) [8]. Due to the current ineffective methods for CO2 introduction into algae ponds 
very large surface areas would be required for enough ponds to capture the majority of the CO2 from a 
single power plant. Nonetheless, it has been shown that using waste CO2, from for example power plants, 
can enhance algae growth and production, and hence, research and development is required into systems 
with increased efficiency and reduced energy requirements [6, 7]. Therefore, one of the main challenges 
to further develop the use of algae and other photosynthetic microorganisms for bio-mitigation purposes 
is the effectiveness of the contact method for the CO2 with the algae broth. 
Two novel methods have been developed that can be used for the integration of CO2 capture from 
power plants and efficient feeding to algae ponds. The first method can be described as being amine 
based whilst the second is carbonate based. Both methods have in common that algae are used as a 
photochemical desorber of CO2 from the absorption liquid. Here the background of both technologies will 
be described in order to provide more information on their novel aspects and their potential for CO2  
mitigation. 
 
Nomenclature 
 
CCS Carbon Capture & Storage 
CCU  Carbon Capture & Utilization 
CA Carbonic anhydrase 
 
2. Amine based CO2 capture 
Many current chemical methods for CO2 capture are based on the use of absorption liquids capable of 
removing CO2 from flue gas. On a large scale, CO2 capture is performed with an absorption-stripping 
process (Figure 1a) using different types of solvents, including amines and amino acids. The regeneration 
of such solvents loaded with CO2 is done by heating the solvent, which is considered the most energy 
consuming step for the whole carbon capture chain. Thermal regeneration of the solvents accounts for in 
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Fig. 1. (a) Schematic illustration of a conventional CO2 capture system using absorption liquids: the CO2 rich flue gas is treated in
the absorber using an absorption liquid, leading to a CO2 lean gas outflow. The CO2 rich solvent is heated for regeneration in the
regenerator, releasing a pure stream of CO2 gas, after which the lean solvent is recirculated back to the absorber; (b) Schematic
illustration of an alternative CO2 capture and utilization system in which the regenerator is replaced by a bioreactor containing algae,
followed by downstream processes for product recovery.
the order of 70% of the operational costs for the absorption-stripper process [9]. Therefore, the reduction 
of thermal energy is one of the directions to lower the cost for CO2 capture.
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A method has been developed that mediates CO2 desorption from the absorption liquid, and 
subsequent regeneration thereof, through the use of algae. The method is based on the use of a 
conventional counter current packed bed scrubber for the absorption of CO2 from the flue gas into an 
absorption liquid. Instead of heating the CO2 loaded absorption liquid for regeneration, the liquid is fed 
directly into algae ponds or bioreactors (Figure 1b). The CO2 in the absorption liquid is hereby brought 
into direct contact with the algae, which through photosynthesis will convert the CO2 into biomass and 
specific products. Once the absorption liquid has been regenerated it is separated from the biomass 
through filtration and recirculated to the absorber. 
2.1. Advantages 
The algae-based system for CO2 desorption from absorption liquids shows a number of advantages 
over conventional methods for CO2 capture but also for algae cultivation. Compared to conventional CO2 
capture the newly developed system enables regeneration of the absorption liquid solution without using 
large amounts of energy otherwise required for heating. This can lead to a substantial decrease in costs for 
carbon capture, but is however limited by the costs required for algae cultivation. Nonetheless, it should 
be taken into account that the algae biomass produced can also be used for specific commercial purposes 
depending on the algae strain used. Examples of potential products which can be produced from algae 
biomass are biofuels, components for food and feed purposes as well as pharmaceutical ingredients.  
Besides having a number of advantages over the conventional CO2 capture system, the newly 
developed system is also beneficial for the algae cultivation process itself. One of these advantages is a 
result from the fact that the CO2 is chemically bound to the absorption liquid, decreasing its release into 
the atmosphere compared to the release of CO2 dissolved in water. This leads to a higher CO2 capture 
efficiency as compared to, for instance, when CO2 is bubbled through an aqueous growth medium, which 
in itself is also an energy demanding procedure now avoided. Besides this, the contact efficiency of CO2 
with the liquid is higher as well, as is the concentration of CO2 in the liquid, which also has the potential 
to lead to increased growth rates for specific algae strains where CO2 would otherwise be limiting. 
2.2. Considerations 
The development of the process for algae mediated desorption of CO2 from absorption liquids has 
many variables. Many different algae strains and absorption liquids exists, and not all are compatible. 
Therefore, when developing a particular system for CO2 capture with solvent regeneration by algae, there 
are a number of considerations which need to be taken into account. 
First concern is the algae strain  it must be able to grow under selected conditions and the production 
of an economically interesting product is also desirable. The conditions used for the system are an 
alkaline pH (>8) to promote a higher CO2 solubility in the medium-solvent mixture. Therefore, it is 
desirable that the algae strain selected is tolerant to such alkaline pH values. Furthermore the high 
concentration of CO2 must not be a growth limiting factor for the algae. Seeing as cultivation of algae in 
absorption liquids is a novel concept, there are no known publications in which the growth of algae has 
been tested under such high CO2 concentrations in the liquid, therefore, such strain characteristics must be 
tested prior. Geographical aspects also impose a number of requirements for which algae type is suitable, 
such as temperature, tolerance to (high) light intensity and the capability of cultivation in fresh, salt (sea) 
or brackish water. Concerning the products that can be produced by algae, selection based hereon is 
dependent on the user requirements. There are many different products, such as biofuels, food and feed 
proteins as well as pharmaceutical ingredients.  
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The absorption liquid used for CO2 capture is also a very important factor. Many absorption liquids are
toxic and will inhibit algae growth. Therefor it is of great importance that the eco-toxicity of any chosen 
absorption liquid is as low as possible. Furthermore, seeing as it is desirable to regenerate the absorption 
liquid for reuse in the process, the biodegradability should be as low as possible as well. When the
biodegradability is too high the algae and other organisms could consume the solvent, thereby creating
the need to continuously add large amounts of fresh solvent to the system, while the whole intention is
that the solvent is regenerated so that it can be reused. There are publications in which both of these
factors are determined for a number of solvents [10] which can be used to give an initial indication for 
suitable and non-suitable solvents, however, often the compatibility of a given solvent-algae combination 
must be assessed on a case-to-case basis.
The use of algae for the regeneration of CO2 absorption liquids seems to be a viable option for CO2
capture and utilization. A potential decrease in energy requirement as well as an increased algae
productivity and the production of valuable products could make this option a more economically viable
one compared to traditional CO2 capture or algae cultivation alone.
3. Carbonate based CO2 capture
The second process uses a solution of a carbonate such as potassium of sodium carbonate as absorption 
liquid for the uptake of CO2 which then, similar to the first process described, is fed to algae to regenerate 
the absorption liquid. The uptake rate of CO2 in a solution of such carbonates is too low for industrial
applications which is why an enzyme, in this case carbonic anhydrase (CA), is added to enhance this rate.
The use of carbonic anhydrase for CO2 capture is not new and has been documented before [11, 12, 13], 
however the direct application with algae is a novel concept.
Fig. 2. Schematic illustration of a carbonate based CO2 capture system using an enzyme (carbonic anhydrase) integrated with algae 
cultivation. 
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In figure 2 a schematic illustration is given of the overall process, in which the inlet stream, a CO2 rich 
gas from e.g. a power plant, is fed into a packed column absorber which is operated in counter current 
mode with an opposing flow of the absorption liquid. The absorbent liquid is an alkaline aqueous solution 
(e.g. potassium carbonate) which is combined with the catalyst, carbonic anhydrase. The enzyme 
catalyzes the conversion of gaseous CO2 in carbonate according to equation 1 [14].  
 
          (1) 
 
The use of the catalyst is intended to enhance the uptake of CO2 into the absorption liquid in the form 
of the more soluble bicarbonate. Carbonic anhydrase is one of the fastest enzymes known, generally only 
limited by the diffusion rate of the substrates [11, 14]. Besides this it is also very robust, making it 
suitable for industrial applications [13]. Following the absorption step the then CO2/bicarbonate rich 
absorption liquid can be regenerated by algae which consume the bicarbonate. However, if the enzyme 
were to be passed through the algae pond or bioreactor, this would lead to substantial losses of the 
enzyme. Therefore, a step is introduced to separate the enzyme from the rich absorption liquid prior to 
addition to the algae. Once the absorption liquid has been regenerated by the algae, it is once again mixed 
with the enzyme and fed into the absorber for a new cycle of CO2 capture. 
3.1. Advantages 
The described process combines enzyme catalyzed CO2 capture with algae cultivation. The 
combination of the two has a number of advantages over other methods currently used for both CO2 
capture and also algae cultivation. Primary advantage is the reduction of energy (heat) required for the 
regeneration of the solvent. In the case that common absorption liquids, such as amines, are used these 
need to be heated in order to release the CO2 for regeneration. In the current case the absorption liquid is 
regenerated by the algae which consume the bicarbonate. Once the majority of the bicarbonate has been 
removed the then lean absorption liquid can be reused in the absorber for the next cycle of CO2 capture. 
 
 
 
Fig. 3. Kinetic experiments showing the rate of CO2 , 2M 
sodium carbonate plus 400mg/L carbonic anhydrase) tests  
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Another key advantage is the use of cheaper absorption liquids, such as potassium carbonate, 
compared to amines. Stand-alone, absorption liquids such as potassium carbonate are not suitable for 
industrial application because the rate of CO2 absorption is not high enough, however when combined 
with a catalyst, such as carbonic anhydrase, this significantly increases the uptake rate. This advantage 
can also be seen in Figure 3 where the CO2 loading of a solution sodium carbonate was compared to that 
of a sodium carbonate solution mixed with carbonic anhydrase. The latter showed a substantial increase 
in absorption rate of up to two fold compared to the solution without carbonic anhydrase. 
A third advantage is in the field of algae cultivation - because the carbon is introduced into the algae 
pond in a soluble form, this directly improves the efficiency of CO2 uptake by the algae compared to 
direct injection of CO2, similar as for the first process described (amine based CO2 capture combined with 
algae cultivation). This not only has the potential to enhance the algae growth rate due to higher 
availabilities of CO2, which, especially at a larger scale, can be limiting, but is also reduces the energy 
requirement needed for the sparging of CO2 into algae cultures. Due to this enhanced CO2 delivery, both 
in energy requirement as well as in potential growth enhancement for the algae, it is expected that the 
specific surface area of algae ponds could be decreased by a factor 1.5-2 compared to the requirements 
for conventional CO2 sparging in order to facilitate for a certain amount of CO2 capture.  
3.2. Considerations 
As mentioned before, the process involves the separation of the liquid stream comprising of both the 
enzyme and the soluble inorganic carbon into two separate liquid streams in order for efficient recycling 
of the enzyme. It is expected that the enzyme could be inactivated or broken down when not separated 
and fed directly into the algae bioreactor or pond. Therefore, the carbonic anhydrase is preferably filtered 
in order to recycle the enzyme before the liquid enters the algae containing bioreactor or pond. Typically 
ultrafiltration would be a suitable option for the recovery of the enzyme. A method which could also be 
considered to improve the separation of the enzyme from the liquid stream would be immobilization 
using so called CLEA technologies (cross-linked enzyme aggregates). In this case a micro-filtration unit 
would most likely also be sufficient. 
 
Besides the enzymes, the process conditions are also of importance, pH in particular. The more 
alkaline the absorption liquid, the more the equilibrium in the liquid will shift towards soluble bicarbonate 
and away from gaseous CO2, thereby increasing the amount of CO2 dissolved in the absorption liquid. 
Due to this it is preferred that the pH is relatively high, preferable in the range of 8-10 or higher. One 
must however consider the effects of the pH on the catalytic activity of the enzyme. For example, the 
highest enzyme activity of carbonic anhydrase can be found at a pH of around 8.1 [15]. Furthermore, the 
rich absorption liquid is also a part of the cultivation medium for the selected algae strain which therefor 
also needs to be able to grow under alkaline conditions. The pH influences many aspects of the process, 
and the final pH of the process must be carefully considered in order to get the best possible combination 
of CO2 capture, enzyme activity and algae growth.  
4. Conclusion 
Two novel concept processes were introduced and their main advantages were discussed as well as the 
considerations which need to be made when developing such processes. Both processes show the 
potential to be applied for the capture of CO2 from for example power plants with direct application of the 
CO2 through utilization by algae for the production of economically interesting products. In comparison 
with conventional CO2 capture technologies both would not require large amounts of energy input for the 
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regeneration of the absorption liquid, as is required for conventional amine based CO2 capture. 
Furthermore, both technologies also show advantages over conventional algae cultivation techniques 
relying on the sparging of CO2 through the growth medium. CO2 feeding through sparging  has its 
limitations, especially during scale-up, as the solubility of CO2 is relatively low. In order to achieve high 
enough CO2 concentrations in the liquid a great amount of energy is required and the use of pure CO2 is 
then also preferred. Both novel processes described here use an alternative approach by first solubilizing 
the CO2 in an absorption liquid and feeding this solution to the algae. This method significantly increases 
the availability of CO2 to the algae and circumvents the need for expensive sparging. This leads to a 
potential increase of the growth rate of the algae and also a decrease in costs otherwise required to 
solubilize enough CO2 not to be growth limiting for the algae. Both processes are expected to decrease 
the required amount of land area for algae cultivation needed for a certain amount of CO2 capture, as well 
as to decrease the energy requirements and subsequent costs for both CO2 capture and algae cultivation. 
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